
L
in
g
u
istic
A
n
a
ly
sis
b
y
C
o
m
p
u
te
r

S
e
a
n
A
.
F
u
lo
p

D
e
p
t.
o
f
L
in
g
u
is
tic
s

U
n
iv
e
r
s
ity
o
f
C
h
ic
a
g
o

O
c
to
b
e
r
2
4
,
2
0
0
2

W
e
con
sid
er
w
h
at
it
m
ean
s
to
h
ave
a
gram
m
ar
for
a
n
atu
ra
l

la
n
g
u
age,
an
d
h
ow
th
e
p
rob
lem
o
f
m
ak
in
g,
or
learn
in
g
on
e,
ca
n
b
e

a
tta
cked
u
sin
g
a
com
p
u
ter.

R
ecen
t
in
vestigation
s
(e.g.
M
o
ortgat
1999,
M
orrill
1994)
h
av
e

sh
ow
n
th
e
p
ossib
ilities
for
th
e
d
escrip
tion
o
f
n
a
tu
ral
lan
gu
age

sy
n
tax
p
rom
ised
b
y
en
rich
ed
form
s
o
f
L
am
b
ek
's
sy
n
ta
ctic
calcu
lu
s

(L
a
m
b
ek
1958).

A
n
y
version
of
L
am
b
ek
's
calcu
lu
s
in
th
is
lan
d
sca
p
e
of
lo
gical

sy
stem
s
w
ill
b
e
called
a
ty
pe
logic
in
k
eep
in
g
w
ith
cu
rren
t
p
ractice.

1



T
h
is
talk
p
ro
ceed
s
accord
in
g
to
th
e
follow
in
g:

�
T
y
p
e-logical
gram
m
ar
as
a
fram
ew
ork
for
sy
n
tactic
d
escrip
tion

is
b
rie
y
su
m
m
arized
.

�
T
h
e
sy
n
tax
-sem
an
tics
con
n
ection
b
etw
een
ty
p
e
logic
an
d
th
e

sim
p
ly
ty
p
ed
lam
b
d
a
calcu
lu
s
is
ou
tlin
ed
,
a
s
a
gen
eralization
of

th
e
C
u
rry
-H
ow
ard
m
orp
h
ism
.

�
W
e
ou
tlin
e
a
p
ro
ced
u
re
O
U
T
L
for
learn
in
g
ty
p
e-logical

g
ram
m
ars
from
sen
ten
ces
p
lu
s
lam
b
d
a
term
s|
term
-la
beled

strin
gs|
w
h
ich
w
ork
s
for
an
y
ty
p
e
logic
m
eetin
g
certa
in

con
d
ition
s.

2



1

M
o
tiv
a
tio
n

T
h
ere
is
a
lon
g
list
of
gram
m
ar
form
alism
s
w
h
o
se
w
eak
gen
eratin
g

ca
p
a
city
h
as
b
een
p
roven
su
Æ
cien
t
to
p
rov
id
e
th
e
strin
g
set
of
an
y

h
u
m
an
lan
gu
age.
T
y
p
e-logical
gram
m
ar
is
on
e
of
th
ese.

W
e
can
also
p
rov
id
e
a
set
o
f
tree-stru
ctu
red
sen
ten
ces,
if
th
at
is

d
esired
,
an
d
th
e
gen
eratin
g
cap
acity
in
th
is
reg
ard
is
a
lso
su
Æ
cien
t.

S
o
,
it
is
a
fact
th
at
th
ere
is
som
e
ty
p
e-logical
gra
m
m
a
r
gen
eratin
g

every
n
atu
ral
lan
gu
age,
u
n
d
er
th
e
u
su
al
id
ealized
con
stru
al
of
w
h
at

th
a
t
m
ean
s.

Y
et
it
is
v
ery
h
ard
to
actu
ally
d
esign
a
gram
m
ar
for
a
lan
gu
age
in

a
n
y
o
f
th
ese
form
alism
s;
as
a
resu
lt,
n
o
su
ch
gram
m
ar
h
a
s
ever

b
een
ex
h
ib
ited
.

3



A
n
a
u
tom
ated
rou
tin
e
th
at
cou
ld
d
esign
a
d
escrip
tively
ad
eq
u
ate

g
ra
m
m
ar
for
a
n
atu
ral
lan
gu
age
w
ou
ld
b
e
of
con
sid
erab
le
valu
e
to

lin
g
u
istic
th
eory,
sin
ce
w
e
cou
ld
th
en
see
w
h
at
a
n
atu
ral
gra
m
m
ar

is
really
like,
an
d
p
erh
ap
s
stu
d
y
th
e
p
rop
erties
o
f
lan
gu
age.

T
h
e
id
ea
for
in
p
u
ttin
g
sem
an
tically
an
n
otated
sen
ten
ces
to
a

lea
rn
er
d
raw
s
in
p
art
u
p
on
th
eoretical
p
sy
ch
olin
gu
istics;
a
lead
in
g

su
g
g
estion
in
cogn
itive
scien
ce
h
as
b
een
th
at
h
u
m
an
s
learn
lan
gu
age

u
sin
g
som
e
sort
of
\sem
an
tic
b
o
otstrap
p
in
g"
(P
in
ker
1984).

4



2

T
y
p
e
-lo
g
ic
a
l
g
r
a
m
m
a
r

T
h
e
n
on
-asso
ciativ
e
L
am
b
ek
calcu
lu
s
N
L
serv
es
as
a
\b
ase
logic"

fo
r
th
e
k
in
d
s
of
ty
p
e
logical
gram
m
ars
th
at
th
e
p
resen
t
p
a
p
er

a
p
p
lies
to.
W
e
p
resen
t
it
as
a
sy
stem
of
in
feren
ce
�
gu
re
sch
em
ata

a
m
o
n
g
ty
p
e-red
u
ction
statem
en
ts.

T
h
is
is
also
k
n
ow
n
as
a
G
en
tzen
seq
u
en
t
calcu
lu
s.
A
p
ro
of
in
th
e

sy
stem
is
an
y
com
b
in
ation
o
f
in
stan
ces
of
th
e
sch
em
ata
in
tree

fo
rm
,
w
ith
ax
iom
seq
u
en
ts
at
th
e
top
an
d
th
e
p
roven
seq
u
en
t
at
th
e

b
ottom
.

T
h
e
logic
h
as
on
ly
tw
o
op
erators
=;n,
an
d
form
u
lae
(ty
p
es)
are

co
m
b
in
ed
in
to
trees
u
sin
g
`�
',
rath
er
th
an
th
e
m
ore
cu
stom
ary
sets.

5



1

D
e
f
in
it
io
n

A
)

A

(A
x
iom
)

�
)

A

�
[A
]
)

C

�
[�
]
)

C

(C
u
t)

�
)

B

�
[A
]
)

C

�
[(A
=B
�
�
)]
)

C

(=
L
)

�
)

B

�
[A
]
)

C

�
[(�
�
B
nA
)]
)

C

(n
L
)

(�
�
B
)
)

A

�
)

A
=B

(=
R
)

(B
�
�
)
)

A

�
)

B
n
A

(n
R
)
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A
;B
;C
;:::
stan
d
for
ty
p
e
form
u
lae,
�
;�
;:::
for
trees
of
ty
p
e

fo
rm
u
lae
th
at
are
also
called
G
-term
s.

�
[A
]
eith
er
m
ean
s
a
G
-term
�
con
tain
in
g
an
o
ccu
rren
ce
of
ty
p
e
A

so
m
ew
h
ere
w
ith
in
,
or
it
m
ean
s
a
G
-term
�
in
w
h
ich
A
h
as
rep
laced

a
n
o
ccu
rren
ce
of
som
eth
in
g
else,
th
e
id
en
tity
of
w
h
ich
w
ou
ld
b
e

clea
r
from
a
p
rev
iou
s
u
se
o
f
th
e
n
otation
�
[�].

T
h
e
sy
m
b
ol
�
in
d
icates
a
b
in
ary
n
on
-asso
ciative
com
b
in
ation

(tree-b
u
ild
in
g)
op
eration
.

7



A
ty
pe-logica
l
gra
m
m
a
r
is
a
trip
le
G
=
hV
G

;I
G

;R
G

i
com
p
risin
g
a

v
o
ca
b
u
lary
V
G

o
f
w
ord
s,
a
lex
ical
fu
n
ction
I
G

assign
in
g
w
ord
s
to

sets
of
ty
p
e
form
u
lae,
an
d
a
ty
p
e
logic
R
G

.
T
h
e
lex
icon
b
elow
lead
s

to
th
e
sen
ten
ce
p
ro
of
u
n
d
ern
eath
.
T
h
e
w
ord
s
la
b
elin
g
th
e
ty
p
es
in

th
e
p
ro
of
allow
u
s
to
keep
track
of
th
e
sen
ten
ce
w
e
are
d
ealin
g
w
ith
.

I
G

(S
u
san
)
=
�
2

I
G

(sin
gs)
=
�
2 ns

(1
)

�
2
:
S
u
san
)

�
2

s
:
[S
u
san
,sin
gs]
)

s

(�
2
:
S
u
san
�
�
2 ns
:
sin
gs)
)

s

(2
)

8



3

G
r
a
m
m
a
r
d
isc
o
v
e
r
y
fr
o
m

se
m
a
n
tic

c
o
m
p
o
sitio
n

C
o
n
sid
er
a
m
o
d
el
for
h
u
m
an
lan
gu
age
in
w
h
ich
a
sin
g
le
ty
p
e
logic

b
a
sed
on
N
L
,
b
u
t
p
erh
ap
s
ex
ten
d
in
g
its
cap
ab
ilities,
is
u
n
iversal,

u
n
d
erly
in
g
all
lan
gu
ages.

In
th
is
even
t,
th
e
fact
th
at
lan
gu
ages
d
i�
er
is
acco
u
n
ted
for
b
y
th
eir

h
av
in
g
d
i�
eren
t
vo
cab
u
laries
an
d
d
i�
eren
t
lex
ical
a
ssign
m
en
ts.

T
h
a
n
k
s
to
th
e
n
atu
re
of
ty
p
e
logics,
th
e
ty
p
e
form
u
lae
are

th
em
selv
es
d
o
cu
m
en
ts
of
th
e
sy
n
tactic
b
eh
av
ior
th
at
th
ey
ex
h
ib
it

in
th
e
lan
gu
age,
on
ce
th
e
logic
th
ey
are
in
volved
in
is
k
n
ow
n
.

S
in
ce
a
ty
p
e
logic
for
sen
ten
ce
in
feren
ce
can
b
e
p
rov
id
ed
in
ad
van
ce

a
s
a
u
n
iversal
lan
gu
age
facu
lty,
th
e
lan
gu
age
learn
in
g
p
rob
lem

co
m
es
d
ow
n
to
learn
in
g
th
e
vo
cab
u
lary
an
d
th
e
ty
p
e
form
u
lae

a
ssig
n
ed
to
th
ose
item
s.

9



T
h
e
learn
in
g
d
ata
con
sists
of
term
-la
beled
strin
gs,
i.e.
sen
ten
ces

a
n
n
o
tated
b
y
ty
p
ed
la
m
b
d
a
calcu
lu
s
m
ean
in
g
recip
es:

((lo
v
e
s
(s
 

�
)
 

�
(M
a
r
y
�
))(J
o
h
n
�
))
s:
hJ
o
h
n
;lov
es;M
ary
i

(3
)

A
ltern
ativ
ely,
w
ith
ou
t
su
b
term
ty
p
es,
on
e
h
as:

((lo
v
e
s(M
a
r
y
))(J
o
h
n
))
s:
hJ
oh
n
;lov
es;M
ary
i

(4
)

T
h
e
m
ean
in
g
recip
es
to
th
e
left
of
th
e
colon
sh
ow
th
e
b
asic

co
m
p
osition
al
con
stru
ction
of
th
e
sen
ten
ce
m
ean
in
g
in
term
s
of

a
p
p
lication
(an
d
ab
straction
),
an
d
can
b
e
u
sed
as
p
artial

d
escrip
tion
s
of
ty
p
e-logical
p
ro
ofs
of
th
e
sen
ten
ce
v
ia
a
gen
eralized

C
u
rry
-H
ow
ard
h
om
om
orp
h
ism
.

T
h
e
b
old
-face
item
s
are
atom
ic
term
s
rep
resen
tin
g
th
e
m
ea
n
in
gs
of

th
e
corresp
on
d
in
g
w
ord
s.

1
0



T
h
e
m
orp
h
ism
from
sem
an
tic
term
s
to
sy
n
tactic
p
ro
ofs
is
in
d
u
ced

b
y
d
e�
n
in
g
a
m
ap
p
in
g
�
from
sy
n
tactic
ty
p
es
to
sem
an
tic
ty
p
es:

�
(c)
=
c
0

fo
r
corresp
on
d
in
g
p
rim
itive
ty
p
es
c;c
0;

�
(A
=
i B
)
=
�
(B
n
i A
)
=
�
(A
)
 

�
(B
)

T
h
en
lam
b
d
a
term
ap
p
lication
is
seen
to
corresp
on
d
to
th
e

sla
sh
-left
G
en
tzen
ru
les,
an
d
lam
b
d
a
ab
straction
corresp
on
d
s
to

sla
sh
-righ
t
ru
les.
A
lam
b
d
a
term
can
th
u
s
b
e
u
sed
as
an

u
n
d
ersp
eci�
ed
p
ro
of
recip
e,
called
a
h
o
m
o
m
o
rp
h
ic
co
n
stru
ctio
n
.

1
1



T
h
e
b
road
ou
tlin
e
of
th
e
d
iscovery
p
ro
ced
u
re,
called
O
p
tim
al

U
n
i�
cation
for
T
y
p
e-L
ogical
gram
m
ars
(O
U
T
L
),
is
a
s
follow
s:

1.
G
iven
a
sam
p
le
D
of
u
n
su
b
ty
p
ed
term
-lab
eled
strin
gs,
com
p
u
te

a
cou
n
terp
art
sam
p
le
D
0

w
h
ose
term
s
are
su
b
ty
p
ed
u
sin
g

variab
le
p
rim
itives
in
a
m
ost
gen
eral
w
ay.

F
or
ex
am
p
le,
given
tw
o
term
-lab
eled
strin
g
s
in
p
u
t

(s
in
g
s
M
a
r
y
)
s
:
hM
ary
;sin
gsi

(s
in
g
s
S
u
s
a
n
)
s
:
hS
u
san
;sin
gsi

w
e
p
rov
id
e
o
u
tp
u
t

(s
in
g
s
s
 

�
1M
a
r
y
�
1)
s
:
hM
ary
;sin
gsi

(s
in
g
s
s
 

�
2S
u
s
a
n
�
2)
s
:
hS
u
san
;sin
gsi

1
2



2.
N
ex
t,
w
e
com
p
u
te
th
e
set
of
gen
eral
form
ty
p
e-logical
lex
icon
s

G
F
T
L
(D
0)
w
h
ich
w
ill
gen
erate
th
e
sam
p
le,
in
each
of
w
h
ich

d
istin
ct
variab
le
p
rim
itiv
e
ty
p
es
w
ill
each
o
ccu
r
a
tom
ically
on
ly

o
n
ce.
T
h
is
is
accom
p
lish
ed
b
y
tak
in
g
th
e
follow
in
g
step
s:

(a
)
F
o
r
each
term
-lab
eled
strin
g
in
th
e
sam
p
le,
d
eterm
in
e
all

p
ro
ofs
in
th
e
ty
p
e
logic
at
h
an
d
w
h
ich
can
b
e
con
stru
cted

b
y
u
sin
g
th
e
su
b
ty
p
ed
lam
b
d
a
term
as
a
p
ro
of
recip
e,
an
d

w
h
ich
are
also
com
p
atib
le
w
ith
th
e
w
ord
ord
er
th
at
is

ev
id
en
t
in
th
e
sen
ten
ce.

(b
)
N
on
-d
eterm
in
istically
select
on
e
p
ro
of
for
each
term
-lab
eled

strin
g
in
th
e
en
tire
sam
p
le;
a
gen
eral
form
lex
icon
can
th
en

b
e
read
o�
from
th
e
ty
p
es
lab
elin
g
th
e
w
o
rd
s.
R
ep
eat
th
is

step
u
n
til
all
d
i�
eren
t
w
ay
s
of
selectin
g
on
e
p
ro
of
for
each

term
-lab
eled
strin
g
h
ave
b
een
ex
h
au
sted
.
T
h
is
w
ill
p
rov
id
e

all
gen
eral
form
lex
icon
s
th
at
cou
ld
gen
erate
th
e
learn
in
g

sam
p
le.

1
3



C
on
tin
u
in
g
th
e
ex
am
p
le,
th
e
ab
ove
d
ata
tell
u
s:

(a
)
(s
in
g
s
s
 

�
1M
a
r
y
�
1)
s

is
a
h
o
m
o
m
o
rp
h
ic
co
n
stru
ctio
n
o
f
a

p
ro
of
of:

�
1
:
[M
ary
;sin
gs]
)

s

(b
)
(s
in
g
s
s
 

�
2S
u
s
a
n
�
2)
s

is
a
h
o
m
o
m
o
rp
h
ic
co
n
stru
ctio
n
o
f
a

p
ro
of
of:

�
2
:
[S
u
san
;sin
gs]
)

s

B
y
read
in
g
th
e
lam
b
d
a
term
like
a
recip
e
for
p
ro
of-b
u
ild
in
g,

th
e
tw
o
p
ro
ofs
are
d
erived
,
resp
ectiv
ely
:

�
1
:
M
ary
)

�
1

s
:
[M
ary,sin
gs]
)

s

(�
1
:
M
ary
�
�
1 ns
:
sin
gs)
)

s

(nL
)

(5)

�
2
:
S
u
san
)

�
2

s
:
[S
u
san
,sin
gs]
)

s

(�
2
:
S
u
san
�
�
2 ns
:
sin
gs)
)

s

(=L
)

(6)

1
4



G
F
T
L
th
u
s
�
n
d
s
ju
st
on
e
gen
eral
form
lex
ico
n
th
a
t
is

con
sisten
t
w
ith
th
e
learn
in
g
sam
p
le:

(7)

I
G

(M
ary
)
=
�
1

I
G

(sin
gs)
=
�
1 ns

I
G

(S
u
san
)
=
�
2

I
G

(sin
gs)
=
�
2 ns

3.
F
in
ally,
w
e
com
p
u
te
all
of
th
e
o
p
tim
a
l
u
n
i�
ca
tio
n
s
of
each
of

th
e
lex
icon
s
in
G
F
T
L
(D
0).

T
h
e
n
otion
of
an
op
tim
al
u
n
i�
cation
of
a
fam
ily
of
ty
p
e

form
u
lae
com
es
from
B
u
szkow
sk
i
an
d
P
en
n
(1990),
a
n
d
is
a

su
b
stitu
tion
(m
ap
p
in
g
variab
les
to
ty
p
es,
stan
d
ard
ly
)
th
at
h
as

th
e
e�
ect
o
f
eq
u
atin
g
all
ty
p
es
th
at
h
ave
th
e
sam
e
form
,
an
d

th
u
s
in
som
e
sen
se
eq
u
ates
all
w
ord
sen
ses
th
at
are
eq
u
ivalen
t

a
s
to
u
sage.

1
5



T
h
e
gen
eral
form
lex
icon
ab
ove
can
b
e
op
tim
a
lly
u
n
i�
ed
,
w
h
ich

resu
lts
in
th
e
follow
in
g
lex
icon
.

(8)

M
ary

�

sin
gs

�
ns

S
u
san

�

1
6



A
n
o
th
er
ex
am
p
le
sh
ow
s
th
e
resu
lts
o
f
ap
p
ly
in
g
th
e
O
U
T
L

p
ro
ced
u
re
to
tw
o
d
i�
eren
t
sam
p
les
of
fou
r
an
n
otated
sen
ten
ces,

w
h
ich
h
ave
th
e
sam
e
vo
cab
u
lary.
T
h
e
p
ro
ced
u
re
settles
on
a

g
ra
m
m
ar
for
th
e
sam
e
lan
gu
age
in
each
case
(th
e
sam
e
gram
m
ar

to
o
,
in
fact).

(s
in
g
s(J
o
h
n
))
s
:
hJ
oh
n
;sin
gsi

((lo
v
e
s(M
a
r
y
))(J
o
h
n
))
s
:
hJ
oh
n
;loves;M
ary
i

((lo
v
e
s(a
(m
a
n
)))(M
a
r
y
))
s
:
hM
ary
;lov
es;a;m
an
i

((s
e
e
s(J
o
h
n
))(a
(m
a
n
)))
s
:
ha;m
an
;sees;J
oh
n
i

(9
)

(s
in
g
s(M
a
r
y
))
s
:
hM
ary
;sin
g
si

((lo
v
e
s(J
o
h
n
))(M
a
r
y
))
s
:
hM
ary
;lov
es;J
oh
n
i

((lo
v
e
s(M
a
r
y
))(a
(m
a
n
)))
s
:
ha;m
an
;loves;M
ary
i

((s
e
e
s(a
(m
a
n
)))(J
o
h
n
))
s
:
hJ
oh
n
;sees;a
;m
an
i

(1
0
)
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p
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p
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b
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con
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n
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